Social interactions among individuals are abundant, both in wild and in domestic populations. With social interactions, the genes of an individual may affect the trait values of other individuals, a phenomenon known as indirect genetic effects (IGEs). IGEs can be estimated using linear mixed models. Most IGE models assume that individuals interact equally to all group mates irrespective of relatedness. Kin selection theory, however, predicts that an individual will interact differently with family members versus non-family members. Here, we investigate kin-and sex-specific non-genetic social interactions in group-housed mink. Furthermore, we investigated whether systematic non-genetic interactions between kin or individuals of the same sex influence the estimates of genetic parameters. As a second objective, we clarify the relationship between estimates of the traditional IGE model and a family-based IGE model proposed in a previous study. Our results indicate that male siblings in mink show different non-genetic interactions than female siblings in mink and that this may impact the estimation of genetic parameters. Moreover, we have shown how estimates from a family-based IGE model can be translated to the ordinary direct-indirect model and vice versa. We find no evidence for genetic differences in interactions among related versus unrelated mink.
Introduction
Social interactions are common in plants and animals and are caused by mechanisms such as limited resources, social dominance or maternal effects (Frank 2007) . Because of social interactions, an individual's genes may affect trait values of its social partners, a phenomenon known as indirect genetic effects (IGEs ; Griffing 1967; Moore & Brodie 1997) .
IGEs can be estimated using linear mixed models, by fitting a direct genetic effect for the individual producing the phenotype record, and an IGE for each of its social partners (Arango & Misztal 2005; Muir 2005; Bijma & Muir 2007a) . However, most current IGE models assume that individuals express the same indirect effect to each of their social partners. This assumption may not be correct when there are systematic differences between group mates. Individuals may, for example, interact differently with family members versus strangers or with males versus females (Hamilton 1964; Alemu & Berg 2014a) .
Differential behaviour towards kin versus strangers may be facilitated by kin recognition. Kin recognition is a preferential behaviour to family members or familiar individuals compared to unrelated or unfamiliar individuals. Kin recognition occurs, for instance, in social insects (Hepper 1986 ), in Blanding's ground squirrels and Richardson's ground squirrels (Sheppard & Yoshida 1971; Holmes & Sherman 1982) , in fish (Olsen 1989; Olsen et al. 1998) , in large mammals, such as pigs (Stookey & Gonyou 1998; Li & Johnston 2009) , and in plants (Biedrzycki & Bais 2010) . Thus, kin recognition is common in both animals and plants. Alemu & Bijma (2014b) found substantial IGEs for bite mark traits in group-housed mink. They found a strongly positive genetic correlation between direct and indirect effects, but a near zero environmental correlation between direct and indirect effects on full-sib group mates of the same sex. These results suggest that biting behaviour in mink may depend on relatedness or sex of the individuals. Alemu & Bijma (2014b) did consider family-or sex-specific non-genetic interactions by fitting a covariance between group mates of the same sex or family. However, this covariance was assumed to be the same for both sexes, suggesting that interactions between males are similar to those between females. This assumption may have affected the estimation of the genetic parameters.
In a theoretical study, Alemu & Berg (2014a) proposed a model to investigate kin-specific genetic interactions, which distinguished between genetic effects on kin (including self) and strangers (referred to as the 'reduced model' in the following). They showed that total breeding values and IGEs on strangers can be estimated using either the reduced model or the traditional direct-indirect model (referred to as 'traditional model' in the following). When interactions depend on kin, however, the traditional model gives biased estimates for the direct genetic variance and the direct-indirect genetic correlation; the bias can be either up or down. Alemu & Berg (2014a) , however, did not investigate the relationship between the estimates from the traditional model and from the reduced model. In other words, they did not investigate whether the estimates of the reduced model can be found as linear combination of the (biased) estimates from the traditional model and vice versa.
This work has two objectives. First, we investigate whether systematic non-genetic interactions between kin or individuals of the same sex influence the estimation of the genetic parameters for bite mark traits in group-housed mink. We discuss the interpretation of such effects and the need to fit them to avoid bias in the estimates of the genetic parameters. Second, we show that the parameters of the reduced model can be obtained as a linear combination of the (biased) estimates of the traditional direct-indirect genetic model.
Materials and methods

Materials
Aggressive behaviour in mink results in bite marks (European Commission 2001; Moller & Hansen 2003; Hansen & Houbak 2005) . Those bite marks can be recorded by visual observation of injuries or scars on the skin on live animals, or on the dead bodies at pelting, or as the number of bite marks on the flesh side of the skin, just after fleshing during the pelting process. We used bite marks recorded on the flesh side of the skin as an indirect measure of the aggressive behaviour an individual received over its life time.
Bite marks were collected on mink that were part of a selection experiment started in 2009 at the mink farm at Research Centre Foulum in Denmark, with the objective to reduce the number of bite marks. We analysed data from the first three generations of this experiment. A total of 1969 mink descending from 136 sires and 349 dams were used in our analysis. Two male siblings and two female siblings were placed in two storey cages in years 2009, 2010 and 2011. Thus, each cage was used three times, and sex and relatedness of cage mates were fully confounded. The female siblings were unrelated to the male siblings within the same group, but most individuals had siblings present in another group. The number of records on some of the groups was reduced to three or two, mainly because of loss of id and partly due to injury or death. Overall we had data from only two of the four mink from 212 groups, from three mink from 85 groups and from all four mink from 325 groups.
Individuals were pelted in November 2010, December 2011 and December 2012. At pelting, the number of bite marks was recorded at the skin side of the pelt. The number of bite marks was subjectively scored on the scale described in Alemu & Bijma (2014b) and expressed as a bite mark score (BMS). Bite marks were scored in the neck (from nose tip to shoulder/ front leg), body (from shoulder to 10 cm above the base of the tail) and tail region (from 10 cm above the base of the tail, including back legs). Total BMS was computed as the sum of these three scores. We log-transformed the data after adding 100 to each observation, which improved the normality slightly (Alemu & Bijma 2014b ).
Statistical models
All the traits were analysed using the GLM procedure in R, to decide which fixed effects should be included. The fixed effects of year, sex, number of individuals in a group (group size) and the linear regression on the proportion of male group mates, referred to as the social sex effect, were included in the model. We fitted the social sex effect because some cages had only two or three individuals. Consequently, the sex of the group mates varied among groups and was no longer fully confounded with sex of the focal individual. Thus, the social sex effect had more than two classes. Next, genetic parameters were estimated with residual maximum likelihood and animal models (Henderson 1975) , using ASREML (Gilmour & Gogel 2002) . For all models, the matrix of additive genetic relationships, A, was calculated using information on five generations of pedigree, including a total of 2806 animals.
Following the aim of this work, we investigated the need for fitting sex-specific non-genetic covariances between group members of the same sex and compared the traditional direct-indirect genetic model to the reduced model proposed by Alemu & Berg (2014a) .
We compared four models in total (Table 1) . Model 1 was the traditional animal model with IGE and a random group effect, as proposed by Muir (2005) and Bijma & Muir (2007b) ,
where Z D and Z S are known incidence matrices for direct and IGEs, respectively, and a D and a S are vectors of random direct and IGEs, with
⊗ indicates the Kronecker product, and A is the numerator relationship matrix (Falconer 1960; Lynch & Walsh 1998) . This model assumes that an individual expresses the same IGE on all its group mates, irrespective of their sex and family. The g is a vector of random group effects, with g $ N 0; I g r 2 g ; where I g is an identity matrix of the appropriate dimension, and r 2 g is the group effect variance, W is an incidence matrix linking records to groups, and e is a vector of residuals. We fitted different residual variances for male and female individuals,
where e m is the vector of residuals for males, e f the vector of residuals for females, r 2 e m and r 2 e f the corresponding variances, and I m and I f are identity matrices of the appropriate dimensions. The off diagonals of E are zero because the non-genetic covariances among cage mates are accounted for by fitting non-genetic random effects in the model. (The group effect in Model 1 and other effects in Models 2 through 4).
To investigate whether non-genetic interactions occur primarily between individuals of the same sex or family, we fitted Model 2 that contained a non-genetic covariance between group mates of the same sex, rather than a single covariance between all group mates, 
where k is a vector of random group*sex effects and V an incidence matrix for sex*group, with k $ Nð0; I k r 2 k Þ; where I k is an identity matrix of the appropriate dimension, and r 2 k is the variance of the group*sex effect. The model term Vk accounts for non-genetic covariances between group mates of the same sex, that is, between the siblings in a group. (In the data, siblings in the same group were always either both male or both female, see above). In Model 2, this covariance has the same magnitude for both sexes. In contrast, to Model 1, the non-genetic covariance between individuals of different sex, that is, between members of different families, is zero in Model 2. Model 2 is identical to the best model of Alemu & Berg (2014a;  Model 5 with results in their table 6).
To investigate whether the intensity of non-genetic interactions may differ between the sexes, we fitted Model 3. Model 3 partitioned the non-genetic covariance between group mates into a group effect common to all group mates, and a sex-specific covariance of different magnitude for each sex,
The genetic terms in Model 3 are the same as in Model 1. The Vk term represents a non-genetic random effect for group members belonging to the same sex (and thus the same family), with a separate variance for males and for females. Thus, V is the incidence matrix for sex*group, as in Model 2, and k is a vector of random effects common to the two family members in the same group, with k $ Nð0; K I g Þ, where I g is an identity matrix with dimensions equal to the number of groups. When data are ordered by sex within group,
subscript m denoting males and f denoting females. Other elements were the same as in Model 1. Thus, in contrast to Model 2, Model 3 has a different nongenetic covariance between group mates for each sex and also allows for a non-genetic covariance common to all group mates. The r 2 k m and r 2 k f essentially represent the nongenetic covariance between group mates of the same sex and can therefore take negative values mainly when the group size is small, as in this study. To facilitate the interpretation of these estimates, we expressed the non-genetic covariance between group mates of the same sex as a non-genetic correlation,q m ¼r
The numerators of these expressions represent the non-genetic covariance between males and females, respectively. In the ASReml software, random effects have a negative 'variance' when the !GU statement is used, because these variances are fitted as a covariance. Hence,q m andq f measure the non-genetic similarity of male group mates and female group mates, respectively, on top of an overall similarity of group mates due to the random group effect. The denominators of the non-genetic correlations for males and females are the non-genetic components of phenotypic variance for males and females. The variance of the group effect,r 2 g , represents the non-genetic covariance among group mates of different sex and will also be expressed as a correlation in the results,
The denominator of this expression is the average of the non-genetic variance in males and females. To investigate the relationship between the traditional IGE model that fits an IGE for each group mate (Muir 2005 ) and the reduced model proposed by Alemu & Berg (2014a) , we fitted Model 4. The reduced model proposed by Alemu & Berg (2014a) is useful because it partitions the genetic parameters into two interpretable components, being a family component and a non-family component. With systematic interaction among kin, the traditional model in contrast yields biased estimates of the genetic parameters that have not clear biological interpretation. Model 4 was the reduced model of Alemu & Berg (2014a) with respect to genetic terms, which partitions genetic effects into a component due to the family (including the focal individual) and a component due to strangers. Model 4 includes the same non-genetic effects as Model 3,
where Z D is the incidence matrix for direct genetic effects, identical to the Z D in Model 1, and Z u S is a known incidence matrix for IGEs of group mates belonging to the other family (hence, subscript u indicates 'unrelated'), and a F and a S u are vectors of random family genetic effects and IGEs on unrelated individuals, respectively, with
in which
Thus, Model 4 does not explicitly include the IGE of the sibling of the focal individual; this effect is captured by the family genetic effect a F . The family genetic effect captures the sum of the direct genetic effect of the focal individual itself and the IGE of its sibling (Alemu & Berg 2014a) .
Under multivariate normality, Model 4 is equivalent to Model 3 in terms of likelihood, but partitions the genetic effects differently. With kin-or sex-specific interactions, genetic estimates from Models 1 through 3 are a mix of genetic effects on the same family and on strangers, whereas Model 4 groups genetic effects by family (Alemu & Berg 2014a) .
Heritable variation
For Models 1, 2 and 3, total heritable variation available for response to selection is given by (Bijma & Muir 2007a) 
For Model 4, total heritable variation is given by Alemu & Berg (2014a) 
For all models, total heritable variation was expressed relative to phenotypic variance, using
to facilitate easy comparison with ordinary heritability (Bergsma & Kanis 2008) .
Relationship between the reduced and the traditional IGE model
Traditional IGE models (Models 1 through 3) yield estimates of the direct and indirect genetic (co)variances, r . When interactions differ between kin and non-kin, those estimates are biased (Alemu & Berg 2014a) . The reduced IGE model (Model 4), in contrast, yields estimates of the family variance, r 2 AF , the variance of IGE on unrelated individuals, r 2 AS u , and their covariance, r A FSu . The relationship between those estimates can be derived using equations 12 and 16 of Alemu & Berg (2014a) . The result shows that estimates for the reduced model can be calculated from those of the traditional model, using
and vice versa,
Therefore, when the non-genetic effects in the model are the same, all genetic parameters of the reduced model are linear combination of the traditional IGE model and vice versa. Furthermore, the likelihoods of both models are identical under multivariate normality (Alemu & Berg 2014a) . Thus, the reduced model and traditional IGE models are statistically equivalent. We validated the equivalency of both models using simulated data and found exact agreement (Results not shown).
Results and Discussion
Mean BMS was higher in females than in males, for all body regions Table 2 . The fixed year effect was significant for all traits. Effects of sex and group size were significant for bite mark traits, except for body bite marks. Effects of social sex were significant for tail and total bite mark traits.
Model 3 was statistically superior over Models 1 and 2 when compared based on likelihood and AIC (Table 3) . Thus, the model term for sex-specific non- The number of records on males was 991, and the number of records on females was 978.
genetic interactions was statistically significant. This result indicates that non-genetic interactions among male siblings differ from non-genetic interactions among female siblings in mink. Hence, estimation of genetic parameters for group-housed mink should take such systematic interaction into account. Omitting such effects from the statistical model may result in biased estimates of genetic parameters (see below) and improper weighting of information of related group mates in breeding value estimation. Although Models 3 and 4 are theoretically equivalent in terms of likelihood, they produced somewhat different likelihoods. When data were simulated under multivariate normality, however, they produced identical likelihoods (Alemu & Berg 2014a) . Hence, the difference in likelihood may be due to rather strong deviations of the data from normality (see Alemu & Bijma 2014b for histograms of residuals). Table 4 shows estimated parameters from Model 4. The random group effect, as measured by the nongenetic correlation between group mates,q, was not significantly different from zero. For neck BMS, there was a clear difference between the non-genetic correlation between male versus female group mates; q m ¼ 0:00 AE 0:04, whereasq f ¼ 0:40 AE 0:04. This result suggests that females fight in a reciprocal way, resulting in a similar number of neck bite marks in both female group members. The non-genetic male to male interaction covariance was near zero. Thus, there was no clear pattern of interaction between males. In other words, there is no systematic dominance, which would imply q m < 0, or systematic mutual benefit or loss, which would imply q m > 0. As total BMS is the sum of BMS of the three body regions, this difference for the neck region also resulted in different correlations for total BMS. Overall, this result shows that female group mates tend to be similar for non-genetic reasons, whereas there was no such similarity for male group mates.
The estimated total heritable variance from Model 4,r We used n = 3.18 to calculate the TBV.
2
Phenotypic variance was calculated in a separate analysis using the model y = Xb + e. The reason is that we wanted a single number for phenotypic variance and heritability, covering both sexes, because also a single genetic variance was fitted covering both sexes. As we did not want to estimate the other model terms assuming same residual variance for both sexes, we fitted a separate model for phenotypic variance.
group mates may result in overestimated genetic variance. The estimated total genetic variance from Model 1 for total BMS was 13% higher than the estimate from Model 4. This result is in line with average daily gain in pigs (Duijvesteijn 2014) and with harvest weight in the gift strain of Nile tilapia (Oreochromis niloticus; H. L. Khaw, R. W. Ponzoni, H. Y. Yee, M. Aznan bin Aziz and P. Bijma, submitted) where the estimated genetic parameters were inflated when non-genetic systematic interactions due to kin were ignored. Thus, estimation of genetic parameter needs to take in to account non-genetic systematic interaction due to kin or sex to avoid biased estimates of the genetic parameters.
Other previous studies also showed that estimation of genetic parameters for indirect effect is sensitive to non-genetic terms in the model. Van Vleck & Cassady (2005) observed this in simulated data, and Bijma & Muir (2007b) , in data on mortality in laying hens. When we omitted both the group and the group*sex random effects, the estimated total heritable variation for total BMS was 83% higher than with Model 4. This increase in total heritable variation was mainly due to an increase in the variance of IGE. This occurs because the covariance between (unrelated) group mates equals
g . Thus, if the group effect is omitted, this effect will be picked up by IGE.
The estimated genetic correlation between the family genetic effect and the IGE on unrelated individuals, r AF ;Su , was strongly positive. For total BMS, the estimate was very similar to the estimated direct-indirect genetic correlation from Model 2, which does not distinguish between kin and non-kin (0.89 in table 4 versus 0.90 in table 6 of Alemu & Berg 2014a) . Hence, this result suggests that there is little difference in genetic interactions among kin versus non-kin in mink. Thus, although such differences may be expected based on kin selection theory, we find no indications for them. In our data, it is not possible to formally test whether there is a systematic difference in the genetic component of the social interaction, because models that allow for such genetic differences have the same likelihood as the traditional IGE model (Alemu & Berg 2014a) .
We also analysed the subset of the data that contained complete groups of four individuals. We found quite good agreement between estimates of both data sets (Table A4 versus Table A1 of the Appendix), but higher standard errors for the subset with complete groups. Furthermore, with complete groups of four individuals, we found the male to male interaction for the neck region is significant (see Table A1 of the Appendix).
We showed that estimates from the reduced model can be found as linear combinations of the estimates from the traditional model and vice versa (see Materials and methods). Thus, estimates from Model 3 can be predicted from those from Model 4 and vice versa, because the non-genetic components of both models are identical. Table A2 of the Appendix compares empirical estimates from Model 3 to predicted estimates for Model 3, calculated from estimates of Model 4. There is quite good agreement between both results, although estimates are not identical.
In conclusion, our results indicate that non-genetic systematic interactions due to sex or kin influence the estimates of the genetic parameters and that ignoring this difference may inflate estimated genetic variance. Moreover, we have shown how estimates from a reduced model can be translated to the ordinary direct-indirect model and vice versa.
